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The considerations are discussed that make continuous monitoring of reaction-progress curves superior to fixed-incubation methods in the determination of enzyme activity. Provided that they are used with caution and their limitations are appreciated, fixedincubation methods continue to fulfill a useful, though diminishing, role in clinical enzymology because of their adaptability to existing patterns of automation.
The introduction of suitable mechanized equipment will favor the eventual complete adoption of the kinetic method.
However, the use of such equipment should not be at the expense of the important characteristics of the kinetic principle.
It is rarely possible to measure directly the mass of an enzyme in a given system (e.g., in a sample of blood); therefore, the amount of an enzyme is almost always deduced from measurements of its catalytic activity.
The assumption that underlies this approach is that the rate of the catalyzed reaction under constant conditions directly reflects the number of active enzyme molecules present in the system. However, as the reaction proceeds, conditions do not remain constant, so that changes in factors other than enzyme concentration also affect the rate of reaction.
For example, a transition takes place from reaction kinetics that are zero-order with re- Figure 1 shows diagrammatically how the amounts of substrate consumed and product formed depend on time in an enzymic reaction. After the first induction phase (usually much shorter than is shown in the Figure) , the concentrations of both substrate and product change linearly with time, then, in a fashion that is not easily described mathematically, accompanying the transition from zero-order to first-order kinetics with respect to substrate concentration. The rate of the reaction, in terms of amount of product formed in unit time, rises rapidly from near zero to a maximum value. The rate remains constant for a variable interval and then begins to decay. Most enzyme assays are made under conditions that are initially saturating with respect to substrate concentration, and this applies both to "kinetic" methods (in which the progress of reaction is monitored continuously) and to fixed-incubation ("two-point") procedures (in which cumulative change is measured). That is to say, both procedures are intended to measure rates of reaction during the phase of zero-order kinetics with respect to substrate.
Whether the two-point and continuous approaches give corresponding results therefore depends on the extent to which each can be relied upon to provide an accurate assessment of the initial rate of reaction under particular circumstances.
The effect of decreasing substrate concentration on reaction velocity can be calculated readily, given a knowledge of the kinetic behavior of the enzyme in question and its Michaelis constant, so that the extent to which the rate of reaction will fall below its initial value during a fixed period of incubation for this reason can be estimated.
However, substratedepletion is not the only, or even necessarily the major, cause of deviation from linearity in the course of an enzymic reaction.
Accumulation of products and an increasing reverse reaction, with possibly also direct inhibition of the enzyme by a product, and progressive denaturation of the enzyme are other important causes of a decreased reaction rate, the effects of which cannot so easily be predicted or generalized. The existence of nonlinear progress curves does not necessarily invalidate comparisons of enzyme activity. The importance of the reverse reaction in some cases, or the need to work at low substrate concentrations, may preclude the measurement of zero-order rates (1) . Continuous monitoring allows the shapes of the progress curves in different assays to be compared in these cases, perhaps with the aid of a computer to determine the appropriate mathematical description of the curves. In two-point assays, however, the assumption is made that all the progress curves have the same shape, either all linear or all described by the same function. It is the possibility that nonlinear or differently shaped progress curves will occur, and will remain undetected, with some enzyme samples assayed by fixed-time procedures that gives continuous monitoring of progress curves its decisive advantage.
The effect of factors such as substrate depletion and product inhibition are illustrated for the Kind and King alkaline phosphatase procedure (2) , a typical fixed-time enzyme assay that is well suited to continuous-flow automation. Multiple sampling of the reaction mixture during the 15-mm incubation period allows progress curves to be constructed for a range of enzyme activities, from which both initial rates and average rates over 15 mm can be derived ( Figure 2 ). From these curves, the alkaline phosphatase activity of each sample can be calculated, both on the basis of the initial rate of reaction-that is, from the slope of the tangent at time zero-and on the basis of the total product formed in 15 mm as the method specifies ( Figure 3 ). It is apparent that, at higher enzyme activities, calculation on the fixed-time basis significantly underestimates enzyme activity. The initial concentration of the phenyl phosphate substrate in the Kind and King method is, at 4.77 mmol/liter, about 5 times the Michaelis constant for serum alkaline phosphatase at the pH of incubation (pH 9.90). Since one King-Armstrong unit is equal to the release of 1 mg of phenol (= 10.7 jmol) in the 15-mm incubation period, the depletion of substrate can be calculated for a range of phosphatase activities ( Figure 4) . If Michaelis-Menten kinetics and a Michaelis constant (Km) of 1.0 mmol/liter are assumed, the reaction velocity at the beginning and end of the 15-mm period can be derived so that the average rate over 15 mm (which is the quantity that the fixed-time procedure measures) can be compared with the initial rate that would be registered by a kinetic method. In this way the contribution of substrate depletion to the observed decline from linearity of progress curves can be assessed ( Figure 5) .
At low enzyme activities, the 15-mm average rates are closer than predicted to initial rates and in fact show no perceptible decline from them. This is because the velocity-substrate curves at high substrate concentrations are flatter than predicted from the Michaelis theory, so that substrate depletion has a negligible effect. However, at higher enzyme activities the average rates fall not only below the initial rates, but also below the average rates expected if substrate depletion were the only factor contributing to the reduction of velocity. Moreover, the decline is greater for the dilute liver extract used in these experiments than for serum. At least one of the products of the alkaline phosphatase reaction, inorganic phosphate, is a competitive inhibitor of the enzyme with an inhibitor constant of the same order of mag- 
(also calculated in Figure 5 ) is not enough to account for the rapid decline in reaction rates that is noticeable at higher phosphatase activities.
The contribution of enzyme denaturation to the fall in reaction velocity can be assessed by comparing the activities of the enzyme samples with and without a period of pre-incubation at the assay temperature.
When this was done for the two types of alkaline phosphatase sample used in obtaining the data presented in the previous Figure, the activity of the liver extract was markedly decreased by pre-incubation, but the serum samples showed little or no inactivation ( Figure 6 ). The effects of substrate depletion and product inhibition in fixed-time assays can often be minimized by ensuring adequate initial substrate concentrations and by using short incubation periods to restrict the amount of substrate transformed.
In the latter respect, improvements in the sensitivity of colorimeters and other measuring devices have in many cases allowed the incubation periods of older methods to be shortened: inhibition by the product, oxaloacetate. This inhibition is more significant for the mitochondrial isoenzyme than for the isoenzyme from cytoplasm (5) . For a given initial velocity, therefore, the shapes of the progress curves given by different transaminase samples will depend on the relative proportions of the two isoenzymes that they contain.
(The effects of substrate depletion will similarly depend on isoenzyme composition if the isoenzymes have different Km values.)
The significance of denaturation during assay varies from one enzyme to another. Some enzymes of clinical interest-such as placental alkaline phosphatase -are relatively resistant to denaturation while others-such as prostatic acid phosphataserapidly lose activity, especially by surface denaturation (6) . Again, for a given enzyme assay, the presence of isoenzymes of differing stabilities may add to the difficulties of deciding what range of activity can reliably be measured by fixed-time methods. As with other factors that affect the shapes of progress curves, the effects of enzyme denaturation are decreased by the use of shorter incubation times.
In spite of their inherent limitations, two-point enzyme assays offer considerable practical advantages; indeed, such methods may be the only ones available for the assay of some enzymes. The currency of twopoint assays has been greatly extended by the introduction of automated colorimetric analysis systems, notably the Technicon AutoAnalyzer, which enable large numbers of enzyme assays to be processed rapidly and with good precision by fixed-time methods. The AutoAnalyzer has a further advantage in twopoint assays in that introduction of a dialysis stage often (but not always) removes much of the between-sample variation experienced in estimating the first of the two points that define the progress curve in these methods (the zero-time reading), thus improving the precision of the estimate of reaction rate. A disadvantage of the continuous-flow system is that the exact period of reaction between initial enzyme-substrate mixing and termination may be difficult to determine precisely. This may introduce errors into calculation of the reaction rate, so that calibration by reference enzyme solutions that have been assayed previously by another method becomes necessary (7) .
The existence of an upper limit of enzyme activity above which linear progress curves will not be maintained throughout the fixed period of incubation implies that samples with activities above this limit must receive special attention.
The upper limit of activity acceptable in the unmodified method must be chosen so that samples with activities below it can be presumed with a high degree of certainty to give linear progress curves, but, if the limit is set too low, many samples will be repeated unnecessarily. Samples that are above the limit should then ideally be assayed by shortening the incubation period until a constant reaction rate is obtained. However, this is not readily achieved in AutoAnalyzer methods, in which the duration of incubation is fixed by the configuration of the apparatus. It then becomes necessary to dilute the specimen, and this may not be accompanied by a proportionate change in activity. Just as photoelectric colorimetry and its later automated developments have had a decisive influence in increasing the diagnostic use of enzyme assays in general, improvements in spectrophotometry and in particular the exploitation of the spectral changes associated with oxidation or reduction of NAD and NADP first noted by Warburg and Christian (8) have been principally responsible for bringing continuous monitoring of enzymic reactions within the reach of clinical laboratories.
Assays of this type are so frequently performed that automation of some or all of the stages involved has become rewarding. Kinetic assay methods do not appear to have attracted. the same critical scrutiny as fixed-time procedures, particularly in their automated forms, no doubt because the innate superiority of the kinetic method has tended to disarm criticism.
Although initial rates of reaction increase, in theory, proportionately to active enzyme concentration without limit, it may be difficult in practice to ensure that the initial rates under zero-order conditions are indeed being measured in kinetic assays, especially at high enzyme activities. This may occur, for example, when the initial rate is so high and the decline from it so rapid that a significant change has taken place between initiation of the reaction and commencement of recording. Alternatively, because of lag phases in the reaction, maximal reaction rates may not be reached during the recording period. Both these sources of error are particularly likely to become serious when automated apparatus with a fixed time-sequence of reaction-initiation, transfer to the reading position, and registration interval is in use.
The effect of different lapses of time between initiation of reaction and recording on the estimates of initial rates obtained in two types of automated apparatus in the assay of serum lactate dehydrogenase by the method of Wroblewski and La Due (9) can be seen in Figure 7 . It was noticed that analyzer B gave consistently lower estimates of high lactate dehydrogenase activities than analyzer A, although all the reaction-conditions were apparently identical. This was traced to the slight, but significant, fall in reaction-rate in analyzer B before recording started, although the delay only amounted to some 25 s. The difficulties of judging whether the traces are linear are accentuated by the short recording intervals that are necessary to provide a rapid throughput of samples. Many of the reactions that are of importance in clinical enzymology proceed more slowly than the lactate dehydrogenase reaction, and even in the latter procedure undue delays between reaction-initiation and recording will cause low rates to be registered only in a proportion of the samples to be analyzed. However, affected samples will require repeated analysis after dilution. For these samples, therefore, one advantage of the kinetic procedure compared with fixed-time assays has been lost. The converse errorthat apparatus with a brief, fixed interval between initiation and recording may fail to deal satisfactorily with progress curves which show a lag periodhas already been noted (10) .
The more completely automated reaction-rate analyzers incorporate some means of determining the slope of the progress curve and assessing its linearity, thus replacing .the usual subjective operations of fitting the best straight line to the curve. The degree of sophistication of these electronic aids to computation varies, from complex systems which scan successive or overlapping segments of the curve to establish its linearity and maximum slope, to simpler systems which sample only a few points on the curve. When automatic computation of rates becomes too simplified in terms of the number of times the curve is sampled during the registration period, the automated kinetic assay may tend to lose its distinctive characteristics and begin to resemble a two-point assay with a few additional sampling points. This is particularly likely to cause difficulty when a chart-recorder is dispensed with, so that no simultaneous visual assessment of progress curves is possible.
Denaturation of the enzyme during the course of manual kinetic assays is not usually significant because these methods require only a short warm-up period (which may in fact exclude the small volume of enzyme needed for assay), followed by a brief recording phase. (Exceptions are provided by those methods that require a lengthy pre-incubation stage to allow endogenous substrates to be transformed, etc., but this is attributable to the use of particular types of samples or reaction sequences, rather than to the kinetic principle.) Automated rate-of-reaction analyzers may entail prolonged pre-incubation, however, depending on the mechanism used for sample preparation and the provisions for temperature equilibration.
For example, the latter may rely upon metal racks of high thermal capacity to minimize temperature fluctuations, which require correspondingly long warming-up periods. The use of disposable reaction vessels or cuvets is often convenient in discrete automatic analyzers, and the plastic materials from which these items are made may have low heat-transfer characteristics; this again may increase pre-incubation time. Moreover, pre-incubation and assay may take place at elevated temperatures that have been chosen to increase reaction rates and hence the throughput of samples. Under these circumstances, therefore, effects of enzyme instability on the shapes of progress curves that were insignificant in the corresponding manual procedures may become apparent in automated kinetic assays.
Conclusions
The colorimetric, fixed-time enzyme assay will probably retain its importance in diagnostic enzymology for some time yet, because of its adaptability
